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a b s t r a c t 
Accurate intensity measurements were performed for several lines of the two main isotopologues of car- 
bon dioxide, using cavity ring down spectroscopy. Absorption spectra of the R52e line at 6112.8902 cm -1 
(30 014 ← 0 0 0 01 band) of 12 CO 2 and the P6e line at 6114.8580 cm −1 (30 013 ← 0 0 0 01 band) of 13 CO 2 were 
recorded at pressures between 15 and 50 mbar at 298 K. Line shape analysis shows that Galatry pro- 
ﬁle, taking into account Dicke narrowing of spectral lines, better describes the measured spectra at all 
pressures than the Voigt proﬁle. The values of Dicke narrowing parameter for both lines were found to 
be signiﬁcantly smaller than those predicted based on the mass diffusion constant. The values of the 
line strength for R52e line of 12 CO 2 and P6e line of 
13 CO 2 were determined with an uncertainty of 0.5%. 
These values were found to be in good agreement with the corresponding data available in literature, in 
particular with the most recent ab initio calculations. The results of relative isotopic ratio 13 CO 2 / 
12 CO 2 
measurements are also presented in pure carbon dioxide samples and in 400 μmol/mol carbon dioxide 
in air samples, using cavity ring down spectroscopy. 
© 2017 Elsevier Ltd. All rights reserved. 
1. Introduction 
Being an important greenhouse gas, carbon dioxide in the 
Earth’s atmosphere is carefully monitored by numerous space and 
ground-based missions, measuring CO 2 concentration as well as 
isotopic ratios of different isotopologues of CO 2 [1–3] . The latter is 
important for a detailed understanding of sources and sinks of CO 2 
in the Earth’s atmosphere. Spectroscopic methods play an impor- 
tant role in these measurements. In order to determine precisely 
the column concentration of CO 2 in the Earth’s atmosphere, accu- 
rate data on spectral line parameters such as line positions, line in- 
tensities and broadening coeﬃcients are needed. The needed high 
accuracy of atmospheric monitoring of CO 2 concentration imposes 
strict requirements for the quality of spectroscopic line data [4,5] . 
In particular, the intensities of the lines should be known with the 
accuracy better than 0.5% [4] . 
In the recent years many laboratory studies were carried out 
to determine CO 2 absorption spectra in various spectral regions. 
Measurements with carbon dioxide including different isotopo- 
logues were performed, using various spectroscopic methods such 
as Fourier Transform Spectroscopy, Cavity Ring Down Spectroscopy 
(CRDS) and other laser-based spectroscopic methods [6–14] . In the 
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majority of these studies the values of line intensities were deter- 
mined with an uncertainty between 2–10%, and only a few publi- 
cations, mostly concentrated on measurements of several individ- 
ual spectral lines, presented the line strength data with uncertainty 
of 1% or less [11–14] . However, the high accuracy values of line 
intensities reported in these publications often do not agree with 
each other within the given uncertainties. Next to experimental 
laboratory studies, theoretical calculations on CO 2 line parameters 
were carried out. A Carbon Dioxide Spectroscopic Databank (CDSD) 
was created within the framework of the method of effective oper- 
ators, containing line parameters for more than 50 0,0 0 0 CO 2 lines 
[15] . Data from the CDSD are used in the HITRAN 2012 database 
[16] . Within the HITRAN database, most of the line strength values 
are given with 10–20% uncertainty. Recently, several papers were 
published using ab initio calculations of line positions and line in- 
tensities for several isotopologues of CO 2 [17,18] . Within these pub- 
lications line intensity values can be found with the uncertainty of 
1%. To support the theoretical ab-initio calculations new accurate 
laboratory measurements of line intensities in CO 2 are needed. 
Laser-based spectroscopic methods are widely used for isotopic 
ratio measurements. The advantages of these methods over con- 
ventional isotope ratio mass spectrometry are well-known [19] . Al- 
though for most laser absorption spectroscopic methods it is hard 
to achieve the accuracy typical for mass spectrometry measure- 
ments (better than 0.05 ‰ for 13 C/ 12 C isotopic ratio in CO 2 ), laser- 
https://doi.org/10.1016/j.jqsrt.2017.09.021 
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based spectrometers can be compact, inexpensive and convenient 
to use for on- site measurements. In the recent years advanced in- 
strumentation was developed, including frequency-stabilized CRD 
spectrometers and spectrometers based on quantum cascade lasers 
[20–22] , which allowed signiﬁcant improvement in the accuracy of 
isotopic ratio measurements in carbon dioxide. 
In this work, we present the results of accurate line strength 
measurements for several lines of 12 CO 2 and 
13 CO 2 in the 1.64 μm 
wavelength region, using CRDS. Next to this, the results of iso- 
topic ratio 13 C/ 12 C measurements in pure CO 2 samples and in 
400 μmol/mol CO 2 in air samples are presented. 
2. Experimental 
2.1. Cavity ring down spectroscopy at 1.64 μm 
To perform line strength and relative isotopic ratio measure- 
ments in pure CO 2 , a cavity ring down spectrometer was used op- 
erating around 1.64 μm. For this, a continuous wave external cav- 
ity diode laser (Sacher Lasertechnik, TEC-500-1650-020) was used, 
operating in the spectral region 5800–6250 cm −1 with an out- 
put power 20 mW. The laser was equipped with an optical isola- 
tor (35 dB) and connected to a single-mode optical ﬁber. The iso- 
lator suppresses optical feedback into the laser. From the ﬁber, the 
laser beam is divided in 50/50% beam splitter. One beam was sent 
to the wavelength meter (Bristol Instruments, 621 Wavelength Me- 
ter) to monitor the wavelength while recording spectra. The second 
beam went through an acousto-optical modulator (NEOS Technolo- 
gies, 26027-2-1.55-LTD) to the CRD cell. The acousto-optical modu- 
lator (AOM) allows to quickly intermit the beam for measurements 
of the decay curves. In between the AOM and the CRD cell, a lens 
was mounted on a translational stage. This lens was used for mode 
matching the laser beam to the fundamental transverse electro- 
magnetic mode (TEM00) of the cavity. The CRD cell consists of a 
50-cm long stainless steel cell with two highly reﬂective mirrors 
(Layertec, reﬂectivity ∼99.97%). The decay time in the empty cell 
is around 5 μs corresponding to an optical path length of ∼1.5 km. 
One of the mirrors of the cell was mounted on a piezo to match 
the laser frequency to the main cavity modes of the cell. For rel- 
ative isotopic ratio measurements the CRD cell was temperature- 
stabilized. The cell was equipped with 4 thermistors, a temper- 
ature sensor and was well-isolated. Spectral measurements were 
performed at 298 K, a temperature slightly higher than the lab 
temperature of 295 K. The temperature stability of the cell could 
be maintained within 0.1 K. The cell was equipped with a pressure 
gauge, a gas inlet for the gas mixture sample and a gas outlet to- 
wards the pump. The pressure gauge (Compact Capacitance Gauge 
Pfeiffer Vacuum) could be used for pressures up to 100 mbar. The 
gauge was calibrated; its uncertainty in pressure reading did not 
exceed 0.2%. The light leaking out of the CRD cell was focused 
onto an avalanche photodetector (Thorlabs, APD110C/M). The sig- 
nal from the detector was sent to a computer, at which the decay 
time was calculated with LabVIEW. 
The piezo of the external cavity diode laser was used to scan 
the laser frequency over a spectral absorption line. Data analysis 
showed that small shifts in frequency could occur in successive 
scans over a spectral line. These shifts were attributed to poor re- 
producibility of the initial frequency of the spectrum, correspond- 
ing to the initial voltage of the laser piezo. To account for this 
problem the following averaging procedure was used. The values 
of the line area determined from successive recordings of a spec- 
tral line were averaged, instead of averaging individual points of 
the line proﬁle and determining the line area from an averaged 
proﬁle. During the ﬁrst recordings of the baseline signal using the 
CRD spectrometer oscillations (fringes) were observed. High fre- 
quency fringes were removed by tilting and shifting the focusing 
optics and adjusting the distance between the cavity ring down 
cell and the detector [23] . Low frequency oscillations were reduced 
by alignment of the cell and adjusting the position of the mode- 
matching lens. During the measurements of the relative isotopic 
ratio, spectra of pure N 2 , at pressures corresponding to the pres- 
sure of CO 2 samples, were used as baseline spectra to account for 
low frequency oscillations. 
2.2. Cavity ring down spectroscopy at 2.82 μm 
For relative isotopic ratio measurements in 400 μmol/mol 
CO 2 /air samples, a CRD spectrometer operating at 2.82 μm was 
built. This spectrometer was based on a distributed feedback laser 
diode optimized for 2.818 μm (Nanoplus, DFB-260290 in a TO- 
66 housing and equipped with collimating lens). Within its op- 
erational temperature (30–40 °C) and operational current (150–
200 mA) an output power up to 6 mW was achieved. Changing 
temperature and current allowed scanning the laser frequency over 
∼5 cm −1 around 3549 cm −1 . At this wavelength an AOM (Isomet, 
1210-G80L-2-MIR) was used with an eﬃciency of 80–90% and the 
CRD cell was equipped with high reﬂective mirrors of reﬂectivity 
≥99.97% at 2.8 μm (Lohnstar). Careful alignment of all optical ele- 
ments taking into account mode matching provided decay times in 
the empty cell of the order of 9–10 μs. The ring down signal was 
recorded with a thermoelectrically-cooled infrared detector (VIGO 
System, PVI-4TE-5). Absorption of water vapor and CO 2 from the 
lab air can signiﬁcantly inﬂuence measured spectra in this wave- 
length region. Special attention was paid to eliminate any leakages 
in the CRD cell and gas system. 
3. Results 
3.1. Relative isotopic ratio measurements in the spectral region 
around 1.64 μm 
The absolute isotopic ratio R for two main isotopologues of CO 2 
is determined by the ratio of amount of substance fractions x of 
these isotopologues in the sample: 
R = x 
13 CO 2 
x 12 CO 2 
(1) 
Taking into account the Lambert–Beer law describing absorp- 
tion strength of a spectral line, this relation can be written as fol- 
lows: 
R = A 
13 CO 2 
A 12 CO 2 
· S 
12 CO 2 ( T ) 
S 13 CO 2 ( T ) 
(2) 
in which A is the line area of an absorption line for that speciﬁc 
isotopologue and S the corresponding line strength. Since the val- 
ues of the line strength depend on temperature, the temperature 
of the samples should be constant during spectroscopic measure- 
ments. To determine the absolute isotopic ratio one needs data 
on the line strength for both isotopologues, which can be found 
in spectral databases, e.g. in the HITRAN database. Unfortunately, 
within this database the accuracy of line strength data is not bet- 
ter than 2–5% and for most values is within the range of 10–20%, 
which does not allow accurate determination of the absolute iso- 
topic ratio. An alternative approach is to measure the Relative Iso- 
topic Ratio ( RIR ) using a reference mixture with a well-known iso- 
topic ratio. As such, the relative isotopic ratio can be determined 
from line area values for two lines (for each isotope one) measured 
both in the sample and in the reference mixture. In case all absorp- 
tion spectra were recorded at the same temperature, the following 
equation can be used: 
RIR = 
A 13 CO 2 
sample 
A 12 CO 2 
sample 
·
A 12 CO 2 
re f 
A 13 CO 2 
re f 
(3) 
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Here we performed the measurements of the Relative Isotopic 
Ratio using three pure CO 2 samples, with different well-known 
amount ratios of 13 CO 2 / 
12 CO 2 . These samples were prepared at 
National Physical Laboratory (NPL) using mass spectrometry and 
gravimetry. We used three pairs of these samples to measure three 
values of relative isotopic ratio. For accurate determination of the 
RIR spectral lines of two isotopologues should meet several re- 
quirements [19] . These lines should have comparable strength, tak- 
ing into account the natural abundances of the isotopologues. This 
will allow spectral measurements of two lines with the same sig- 
nal/noise ratio. At the same time the lines should lie close to each 
other for quick and convenient scanning. It is well-known [24] that 
the accuracy of the relative isotopic ratio RIR depends on the 
temperature stability of the sample: 
RIR ∼ E 
k B T 2 
T (4) 
in which E is the difference between the lower state energies of 
12 CO 2 and 
13 CO 2 transitions, T is the temperature variation dur- 
ing the measurement, k B is the Boltzmann constant and T is the 
temperature of the sample. Therefore to minimize the tempera- 
ture sensitivity one has to choose the lines of two isotopologues 
that do not differ much in lower state energy. Next to that, care 
should be taken to avoid overlapping of the lines with each other 
and with lines of other isotopologues or other molecules. In this 
work absorption lines R52e of 12 CO 2 at 6112.8902 cm 
−1 and P6e 
of 13 CO 2 at 6114.8580 cm 
−1 [16] were used for the RIR measure- 
ments and for line strength measurements. These lines belong to 
the (3 ν1 + ν3 ) absorption band of carbon dioxide (30 014 ← 0 0 0 01 
band of 12 CO 2 and 30 013 ← 0 0 0 01 band of 13 CO 2 , respectively). For 
the chosen CO 2 lines, the possible variation of the sample temper- 
ature (within 0.1 K) leads to the uncertainty in the relative isotopic 
ratio RIR of ∼1.5 ‰ . 
For the RIR measurements we used the following procedure. 
Firstly, the spectrum of nitrogen at appropriate pressure was 
recorded within the spectral range of the 12 CO 2 line. Then the cell 
was ﬁlled with CO 2 sample 1 and the absorption strength of the 
12 CO 2 line was recorded. Then the cell was carefully pumped out 
and ﬁlled with CO 2 sample 2. The absorption strength of the 
12 CO 2 
line was recorded. After that the laser frequency was shifted to the 
wavelength around the line of 13 CO 2 and its absorption strength 
in CO 2 sample 2 was recorded. Then the cell was again carefully 
pumped out and the absorption strength of the 13 CO 2 line in CO 2 
sample 1 was recorded. At the end the spectrum of nitrogen at ap- 
propriate pressure was recorded within the spectral range of the 
13 CO 2 line. During all these measurements care was taken about 
the stability of pressure and temperature of the samples. Using this 
procedure we performed series of spectral measurements at differ- 
ent pressures 15, 30 and 50 mbar at 298 K. 
Within CRD spectroscopy the absorption spectrum of a line is 
given in terms of the decay time - time dependence of the inten- 
sity of laser light leaking out of the cavity. Decay time τ ν of the 
laser pulse with frequency ν (in this article ν is the wavenumber, 
cm −1 ) contains all information about the loss processes in the CRD 
cell and can be written as [25] : 
τv = d 
c 
· 1 | ln ( r ) | + ε v d (5) 
in which d is the length of the cavity, c the speed of light, r the in- 
tensity reﬂectivity of the cavity mirrors and εν the extinction coef- 
ﬁcient of the molecules at that frequency. Here, it is assumed that 
the entire cavity with the length d is ﬁlled with gas. Extinction 
of the light in the cell is determined by absorption and scattering 
processes. In the infrared region the contribution of light scatter- 
ing is very small, and is therefore not taken into account. Thus, 
the measured decay time is totally determined by light absorption. 
Fig. 1. Spectra of 12 CO 2 and 
13 CO 2 absorption lines at 6112.8902 and 
6114.8580 cm −1 , using CRD spectrometry. The weak 16 O 12 C 18 O isotopologue 
line is shown with the arrow. 
Having measured the decaying signal and determined the decay 
time, one can obtain the absorption coeﬃcient of the molecules 
k ν : 
k v = 1 
τv c 





τ o v c 
(6) 
In the last equation, the second term represents the losses in 
the empty cavity and can be determined by measuring the decay 
time of the laser intensity in the empty cell τ o v . A typical CRD spec- 
trum of the chosen 12 CO 2 and 
13 CO 2 absorption lines in one of the 
CO 2 samples is shown in Fig. 1 . 
In every series of measurements CRD spectra τ ( ν) for two iso- 
tope lines in two pure CO 2 samples were recorded. Since, there 
were three pure CO 2 samples with different isotopic ratios, we re- 
peated the measurements three times for three pairs of samples. 
For each line the absorption coeﬃcient k( ν) was determined us- 
ing the spectrum of pure nitrogen, transparent in this spectral re- 
gion as a baseline τ 0 ( ν) . From the known absorption spectra k( ν) 
the values of the line area A were determined. The line area data 
were used to calculate the value of the relative isotopic ratio ac- 
cording to Eq. (3) . For each pair of pure CO 2 samples, a series of 
measurements were performed at three different pressures. It was 
found that the values of the relative isotopic ratio do not depend 
on the pressure of the samples. The averaged values of the RIR for 
three pairs of pure CO 2 samples determined are given in the sec- 
ond column of Table 1 . For comparison the corresponding values 
of the relative isotopic ratio recalculated from the amount ratios 
13 CO 2 / 
12 CO 2 determined by NPL are given in the last column of 
the table. It can be seen that there is good agreement between the 
measured and the reference values. 
3.2. Line strength measurements for 12 CO 2 and 
13 CO 2 lines 
Line shape analysis was performed for recorded absorption 
spectra of R52e line of 12 CO 2 at 6112.8902 cm 
−1 and P6e line 
of 13 CO 2 at 6114.8580 cm 
−1 . While ﬁtting the 12 CO 2 line a 
contribution from the weak line of 16 O 12 C 18 O isotopologue at 
6112.9296 cm −1 [16] was taken into account (see Fig. 1 ). Absorp- 
tion lines were ﬁtted with Voigt and Galatry proﬁles. Compared to 
the widely used Voigt proﬁle, the Galatry proﬁle takes into account 
Dicke narrowing of spectral lines resulting from velocity changing 
collisions. Within the Galatry proﬁle these collisions are described 
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Table 1 
Results of the relative isotopic ratio measurements in pure CO 2 samples. 
Relative isotopic ratio 13 CO 2 / 
12 CO 2 
Cavity ring down spectroscopy (this work) Mass spectrometry and gravimetry (NPL) 
sample 1/sample 2 (1.495 ±0.008) (1.502 ±0.002) 
sample 3/sample 2 (1.244 ±0.006) (1.247 ±0.001) 
sample 1/sample 3 (1.205 ±0.006) (1.204 ±0.001) 
Fig. 2. Measured values of absorption coeﬃcient and the ﬁtting proﬁle for the P6e 
line of 13 CO 2 recorded at 30 mbar and 298 K (top panel), and relative residuals 
corresponding to the ﬁtting of the experimental points with Voigt proﬁle (middle 
panel) and Galatry proﬁle (lower panel). 
using the soft collisions approximation where the motion of the 
molecules is considered as diffusive. Software, based on the gen- 
eralized non-linear method of least squares [26] , allows ﬁtting the 
experimental spectral points with Voigt or Galatry proﬁle and cal- 
culating the optimal values of the parameters for these proﬁles, as 
well as calculating the relative residuals between the experimental 
data points and their adjusted values. During the ﬁtting procedure 
the uncertainties of the measured values of the decay time, fre- 
quency and temperature of the sample are taken into account. The 
value of the temperature is used to calculate the Doppler proﬁle, 
as the Doppler width is constrained to the theoretical value. An 
example of line shape analysis is shown in Fig. 2 for the P6e line 
of 13 CO 2 (30 mbar, 298 K). Comparison of the relative residuals for 
two proﬁles clearly shows that Galatry proﬁle provides a better de- 
scription of the absorption line than Voigt proﬁle and allows more 
accurate determination of the line area. 
Fitting spectra with Galatry proﬁle allows determination of the 
Dicke narrowing parameter z exp . For both CO 2 lines, parameter z exp 
showed a linear dependence with pressure within the uncertainty 
in the pressure range 15–50 mbar (see Fig. 3 ). 
Experimental value of the Dicke narrowing parameter can be 
compared with z dif , calculated using gas diffusion theory [e.g. 12 ]: 
z di f = 
k B T 
mD v D c 
(7) 
Fig. 3. Measured values of the Dicke narrowing parameter z exp for R52e line of 
12 CO 2 at 6112.8902 cm 
−1 and P6e line of 13 CO 2 at 6114.8580 cm −1 at different pres- 
sures. Solid lines show corresponding linear ﬁts through the origin. 
where k B = 1.38065 ×10 −23 J/K is the Boltzmann constant, T (K) 
temperature of the sample, m (kg/molec) mass of the molecule, 
D (m 2 /s) mass diffusion constant, v D (cm 
−1 ) Doppler broaden- 
ing (HWHM) and c = 2.99792 ×10 10 cm/s speed of light. For both 
CO 2 lines the experimental Dicke narrowing parameter was found 
to be much smaller than the one predicted by theory: ∼3.5 times 
smaller for 12 CO 2 line and ∼1.8 times smaller for 13 CO 2 line. The 
reason for such difference can be attributed to the overestima- 
tion of velocity changing collisions resulting in Dicke narrowing 
given by (7) . Within Eq. (7) it is assumed that all velocity chang- 
ing collisions contribute to the narrowing of the spectral line. At 
the same time Dicke narrowing is determined only by elastic ve- 
locity changing collisions which do not change the internal state 
of the molecule [27] . Similar results for different molecules were 
reported in other publications [ 28 and references therein]. It is 
worth noting that the ratio between the experimental and theo- 
retical values of the Dicke narrowing parameter found in this work 
is at odds with the results reported in [29] . At the same time the 
experimental value of the Dicke narrowing parameter determined 
in [29] ( Fig. 5 therein at small pressures) is very close to that ob- 
tained here. Therefore the discrepancy in the ratio most probably 
results from different ways of calculating theoretical value of the 
Dicke narrowing parameter using mass diffusion constant. 
Line shape analysis was performed for absorption spectra of 
carbon dioxide recorded in three samples with different mole frac- 
tions of 12 CO 2 and 
13 CO 2 . Compositions of CO 2 samples determined 
at NPL with uncertainty 0.2% are given in Table 2 . For each line 
about 150 spectra were analyzed at three different pressures (15, 
30 and 50 mbar). The values of the line area corresponding to the 
ﬁtted Galatry proﬁles were used to determine the line strength. 
Typical uncertainties of the values of the line area for two lines 
were between 0.4 and 1% increasing towards lower pressures. It 
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Table 2 
Composition of pure CO 2 samples used for line strength measure- 
ments (NPL). 
Mole fraction of 12 CO 2 Mole fraction of 
13 CO 2 
Sample 1 0.983(2) 0.01652(4) 
Sample 2 0.988(2) 0.01106(3) 
Sample 3 0.986(2) 0.01375(3) 
Fig. 4. Determination of the line strength for P6e line of 13 CO 2 and R52e line of 
12 CO 2 . 
should be noted that the values of the line area determined with 
Galatry proﬁle are larger than those determined using the Voigt 
proﬁle: on the average 0.5% for the 12 CO 2 line and 2% for the 
13 CO 2 
line. This result is in agreement with [20] , in which a difference 
was found of 2 to 4% between the line areas of the Voigt and 
Galatry proﬁles, for the different CO 2 lines at 1.6 μm measured by 
frequency-stabilized CRD spectroscopy. 
The relation between the line area A (cm −2 ) and the line 
strength S (cm/molec) is given by the following equation: 
S = A 
n 
· 10 6 (8) 
where n (molec/m 3 ) is the concentration of absorbing molecules. 
For the experimental conditions used here the concentration can 
be calculated using the ideal gas equation: 
n = p · x 
k B · T 
(9) 
where p (Pa) is the pressure of the sample, x is the mole fraction 
of absorbing molecules. Therefore, the line strength values can be 
determined from the slope of a straight line ﬁtted to the plotted 
values of A over n . The corresponding ﬁts for two measured lines 
of carbon dioxide are shown in Fig. 4 . During the ﬁtting procedure 
the uncertainties of the values of the line area (0.4–1%), pressure 
(0.2%) and temperature (0.15%) of the sample, and mole fractions 
of absorbing molecules (0.2%) were taken into account. 
From these ﬁts the values of the line strength for two CO 2 lines 
at 298 K were determined with the uncertainty 0.5%. To our knowl- 
edge these are the ﬁrst intensity measurements for these spec- 
tral lines with uncertainty better than 1%. For comparison with 
the corresponding data available in literature, the values of the 
line strength were recalculated for 296 K using the equation for 
the temperature dependence of the line intensity and the values 
of the total internal partition function for CO 2 isotopologues given 
on HITRAN database website [30] . The results are collected to- 
gether with the corresponding values from HITRAN 2012 database 
in Table 3 . The HITRAN 2012 values originate from theoretical cal- 
culations within the model of effective operators - effective Hamil- 
tonian and effective dipole moment function [15] . The parame- 
ters of these functions were determined using the experimental 
data on line positions and line intensities measured by means 
of Fourier Transform Spectroscopy as well as CRD Spectroscopy, 
diode laser absorption spectroscopy and intracavity laser absorp- 
tion spectroscopy (see ref. in [15] ). The uncertainty code of these 
values in HITRAN 2012 is 3, which corresponds to the relative un- 
certainty of 20%. The values of the line strength from ab initio 
calculations [17,18] and from Fourier Transform Spectroscopy mea- 
surements [6] are shown in the last two columns of Table 3 . It 
could be seen that for both isotopes the values of the line strength 
measured in this work agree with the corresponding experimen- 
tal and theoretical values within the given uncertainties. The best 
agreement within 0.5% was found for the most recent ab initio val- 
ues [17,18] . 
Devi et al. [7] recently presented accurate measurements of line 
parameters of carbon dioxide around 1.6 μm using Fourier Trans- 
form Spectroscopy. In this publication the line strength of the P6e 
line of 13 CO 2 has the value of 4.088 ×10 −26 cm/molec, which is al- 
most 10% lower than the value presented here. 
3.3. Relative isotopic ratio measurements in the spectral region 
around 2.82 μm 
Relative isotopic ratio measurements in the spectral region 
around 2.82 μm were performed using two 400 μmol/mol car- 
bon dioxide in air samples with well-determined amount ratios of 
13 CO 2 / 
12 CO 2 (NPL): sample 1: 0.011214, sample 2: 0.010856. The 
samples were prepared using whole air which contained argon 
in atmospheric amount fraction ( ∼0.9%). Absorption lines P22e of 
12 CO 2 at 3549.9797 cm 
−1 and R32e of 13 CO 2 at 3550.9746 cm −1 
[16] were used for these RIR measurements. The lines belong to 
( ν1 + ν3 ) absorption band of carbon dioxide: 20 013 ← 10 0 02 band 
of 12 CO 2 and 10 012 ← 0 0 0 01 band of 13 CO 2 , respectively. A some- 
what modiﬁed measurement procedure was followed as compared 
to the procedure described above in Section 3.1 . For the RIR mea- 
surements, cell and gas system were evacuated to exclude water 
vapor and carbon dioxide absorption from lab air. Then spectra of 
the two selected absorption lines in sample 1 were recorded. Scan- 
ning was implemented by changing the laser current. After that 
the cell and the gas system were evacuated and ﬁlled with sample 
2, from which spectra of the same absorption lines were recorded. 
All measurements were performed at 298 K, using a low gas ﬂow 
(2.5 L/h), keeping 10 mbar pressure in the cell. Working with low 
gas ﬂows allowed to improve the reproducibility of the recorded 
spectra of the samples with low CO 2 concentrations. Using this 
procedure 15 series of measurements of the relative isotopic ratio 
were performed during the period of three weeks. Typical spectra 
of P22e absorption line of 12 CO 2 and R32e absorption line of 
13 CO 2 
are given in Fig. 5 . 
From the measured spectra in each series the values of the line 
area for the lines of two CO 2 isotopologues in two samples were 
determined. For this the same ﬁtting procedure as described in 
Section 3.2 for spectra of pure CO 2 samples was used. It was found 
that the largest contribution to the uncertainty of the line area re- 
sults from instability of the base line. The values of the line area 
determined using Voigt and Galatry proﬁles were found to be the 
same within the uncertainties. Using four values of the line area, 
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Table 3 
Line strength values for the R52e line of 12 CO 2 and the P6e line of 
13 CO 2 . 
Present work HITRAN 2012 [16] Zak et al. [17,18] Toth et al. [6] 
Lines Line strengths (T = 296 K), cm/molec 
12 CO 2 R52e 6112.8902 cm 
−1 6.008 ×10 −26 5.97 ×10 −26 6.018 ×10 −26 5.977 ×10 −26 
13 CO 2 P6e 6114.8580 cm 
−1 4.481 ×10 −26 4.49 ×10 −26 4.500 ×10 −26 4.570 ×10 −26 
Uncertainty (0.5%) (20%) (1%) ( < 5%) 
Fig. 5. Spectra of 12 CO 2 and 
13 CO 2 absorption lines at 3549.9797 and 
3550.9746 cm −1 in 400 μmol/mol carbon dioxide in air sample, using CRD 
spectrometry. 
the value of the relative isotopic ratio can be calculated accord- 
ing to Eq. (3) . After averaging the results of all series, the value 
of the relative isotopic ratio was determined (1.030 ±0.008). This 
measured value of the relative isotopic ratio was found to be in 
good agreement with the one recalculated from the known amount 
ratios 13 C/ 12 C for two samples – 1.033 (NPL). 
4. Conclusion 
In the present work accurate line intensity measurements were 
performed for CO 2 using CRD spectroscopy in the wavelength re- 
gion around 1.64 μm. The following absorption lines were studied: 
R52e at 6112.8902 cm −1 (30 014 ← 0 0 0 01 band) of 12 CO 2 and P6e at 
6114.8580 cm −1 (30 013 ← 0 0 0 01 band) of 13 CO 2 . Line shape anal- 
ysis showed that the shape of CO 2 absorption lines measured in 
the pressure range from 15 to 50 mbar at T = 298 K can be better 
described with Galatry proﬁle taking into account speed changing 
collisions, than with Voigt proﬁle. The experimental values of the 
Dicke narrowing parameter for both CO 2 lines were found to be 
50–70% less than those, calculated with the mass diffusion con- 
stant. This result supports theoretical predictions that only elas- 
tic velocity changing collisions which do not change the internal 
state of the molecule, lead to Dicke narrowing of individual spec- 
tral lines. The values of the line area determined using Galatry pro- 
ﬁle were found to be 0.5–2% higher than those from Voigt proﬁle 
depending on the line. This result should be taken into account 
during accurate spectroscopic measurements of isotopic ratios in 
CO 2 , since the difference in the values of the line area given by two 
proﬁles can be different for spectral lines of two isotopologues. 
The values of the line strength for two CO 2 lines around 
1.64 μm were determined with uncertainty 0.5%. To our knowl- 
edge this is the most accurate laboratory data for these lines. Line 
strength values for 12 CO 2 and 
13 CO 2 lines determined in this work 
are in good agreement with those from HITRAN 2012 [16] and with 
Fourier Transform Spectroscopy measurements [6] . It should be 
noted that present data on line intensities agree with the most re- 
cent accurate ab initio calculations within 0.17% for 12 CO 2 [17] and 
within 0.43% for 13 CO 2 [18] . These ab initio values for CO 2 line in- 
tensities [17,18] will be included in the latest edition of the HITRAN 
database HITRAN 2016 [31] . 
Next to line intensity measurements CRD spectrometry was 
used for relative isotopic ratio measurements in pure CO 2 sam- 
ples (measurements around 1.64 μm) and in 400 μmol/mol CO 2 /air 
samples (measurements around 2.82 μm). Good agreement was 
found between these values and the values of the relative iso- 
topic ratio determined independently using mass spectrometry and 
gravimetry. We conclude that classical CRD spectrometer based 
on compact and easy-to-use distributed feedback laser diode and 
equipped with temperature-isolated cell allows determination of 
the relative isotopic ratio 13C/12C in natural CO 2 /air samples with 
uncertainty less than 1%. 
Acknowledgments 
We are thankful to Ruth Pearce from National Physical Labora- 
tory for providing us with CO 2 gas samples with well-determined 
values of the amount ratios 13 CO 2 / 
12 CO 2 . We would like to ac- 
knowledge Lars Nielsen from Danish Fundamental Metrology In- 
stitute for his support in line shape analysis. This work was per- 
formed within the Researcher Excellence Grant associated with 
the European Metrology Research Project ENV52 HIGHGAS. EMRP 
is jointly funded by the EMRP participating countries within EU- 
RAMET and the European Union. 
References 
[1] Kuze A, Suto H, Nakajima M, Hamazaki T. Termal and near infrared sensor for 
carbon observation Fourier transform spectrometer on the greenhouse gases 
observing satellite for greenhouse gases monitoring. Appl Opt 2009;48:6716–
33. doi: 10.1364/AO.48.006716 . 
[2] Boesch H, Baker D, Connor B, Crisp D, Miller C. Global characterization of CO 2 
column retrievals from shortwave-infrared satellite observations of the orbit- 
ing carbon observatory-2 mission. Remote Sens 2011;3:270–304. doi: 10.3390/ 
rs3020270 . 
[3] Sturm P, Tuzson B, Henne S, Emmenegger L. Tracking isotopic signatures of 
CO 2 at the high altitude site Jungfraujoch with laser spectroscopy: analytical 
improvements and representative results. Atmos Meas Tech 2013;6:1659–71. 
doi: 10.5194/amt- 6- 1659- 2013 . 
[4] Miller CE, Brown LR, Toth RA, Benner DC, Devi VM. Spectroscopic challenges 
for high accuracy retrievals of atmospheric CO 2 and the orbiting carbon obser- 
vatory (OCO) experiment. C R Phys 2005;6:876–87. doi: 10.1016/j.crhy.2005.09. 
005 . 
[5] Miller CE, Crisp D, DeCola PL, Olsen SC, Randerson JT, Michalak AM, et al. 
Precision requirements for space-based X-CO 2 data. J Geophys Res 2007;112 
D10314. doi: 10.1029/20 06JD0 07659 . 
[6] Toth RA, Brown LR, Miller CE, Devi VM, Benner DC. Spectroscopic database 
of CO 2 line parameters: 430 0-70 0 0 cm 
−1 . J Quant Spectrosc Radiat Transf 
2008;109:906–21. doi: 10.1016/j.jqsrt.2007.12.004 . 
[7] Devi VM, Benner DC, Sung K, Brown LR, Crawford TJ, Miller CE, et al. Line 
parameters including temperature dependences of self- and air-broadened 
line shapes of 12C16O2: 1.6-μm region. J Quant Spectrosc Radiat Transf 
2016;177:117–44. doi: 10.1016/j.jqsrt.2015.12.020 . 
[8] Perevalov BV, Deleporte T, Liu AW, Kassi S, Campargue A, Vander Auwera J, 
et al. Global modeling of 13 C 16 O 2 absolute line intensities from CW-CRDS and 
FTS measurements in the 1.6 and 2.0μm regions. J Quant Spectrosc Radiat 
Transf 20 08;109:20 09–26. doi: 10.1016/j.jqsrt.20 08.02.0 08 . 
[9] Perevalov BV, Campargue A , Gao B, Kassi S, Tashkun SA , Perevalov VI. New CW- 
CRDS measurements and global modeling of 12 C 16 O 2 absolute line intensities 
158 M. Kiseleva et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 204 (2018) 152–158 
in the 1.6μm region. J Mol Spectrosc 2008;252:190–7. doi: 10.1016/j.jms.2008. 
08.006 . 
[10] Perevalov BV, Perevalov VI, Campargue A. A (nearly) complete experimen- 
tal linelist for 13 C 16 O 2 , 
16 O 13 C 18 O, 16 O 13 C 17 O, 13 C 18 O 2 and 
17 O 13 C 18 O by high- 
sensitivity CW-CRDS spectroscopy between 5851 and 7045 cm −1 . J Quant 
Spectrosc Radiat Transf 2008;109:2437–62. doi: 10.1016/j.jqsrt.2008.03.010 . 
[11] Casa G, Parretta DA, Castrillo A, Wehr R, Gianfrani L. Highly accurate determi- 
nations of CO 2 line strengths using intensity-stabilized diode laser absorption 
spectrometry. J Chem Phys 2007;127:084311. doi: 10.1063/1.2759930 . 
[12] Casa G, Wehr R, Castrillo A, Fasci E, Gianfrani L. The line shape problem in 
the near-infrared spectrum of self-colliding CO 2 molecules: experimental in- 
vestigation and test of semiclassical models. J Chem Phys 2009;130:184306. 
doi: 10.1063/1.3125965 . 
[13] Wubbeler G, Viquez GJP, Jousten K, Werhahn O, Elster C. Comparison and 
assessment of procedures for calculating the R(12) line strength of the 
ν1 + 2 ν2 + ν3 band of CO 2 . J Chem Phys 2011;135:204304. doi: 10.1063/1. 
3662134 . 
[14] Polyansky OL, Bielska K, Ghysels M, Lodi L, Zobov NF, Hodges JT, et al. High 
accuracy CO 2 line intensities determined from theory and experiment. Phys 
Rev Lett 2015;114:243001. doi: 10.1103/PhysRevLett.114.24300 . 
[15] Tashkun SA, Perevalov VI, Gamache RR, Lamouroux J. CDSD-296, high resolu- 
tion carbon dioxide spectroscopic databank: version for atmospheric applica- 
tions. J Quant Spectrosc Radiat Transf 2015;152:45–73. doi: 10.1016/j.jqsrt.2014. 
10.017 . 
[16] Rothman LS, Gordon IE, Babikov Y, Barbe A, Chris Benner D, Bernath PF, et al. 
The HITRAN 2012 molecular spectroscopic database. J Quant Spectrosc Radiat 
Transf 2013;130:4–50. doi: 10.1016/j.jqsrt.2013.07.002 . 
[17] Zak E, Tennyson J, Polyansky OL, Lodi L, Tashkun SA, Perevalov VI. A room tem- 
perature CO 2 line list with ab initio computed intensities. J Quant Spectrosc 
Radiat Transf 2016;177:31–42. doi: 10.1016/j.jqsrt.2015.12.022 . 
[18] Zak EJ, Tennyson J, Polyansky OL, Lodi L, Zobov NF, Tashkun SA, et al. Room 
temperature line lists for CO 2 symmetric isotopologues with ab initio com- 
puted intensities. J Quant Spectrosc Radiat Transf 2017;189:267–80. doi: 10. 
1016/j.jqsrt.2016.11.022 . 
[19] Kerstel E, Gianfrani L. Advances in laser-based isotope ratio measure- 
ments: selected applications. Appl Phys B 2008;92:439–49. doi: 10.1007/ 
s0 0340-0 08-3128-x . 
[20] Long DA, Okumura M, Miller CE, Hodges JT. Frequency-stabilized cavity ring- 
down spectroscopy measurements of carbon dioxide isotopic ratios. App Phys 
B 2011;105:471–7. doi: 10.10 07/s0 0340- 011- 4518- z . 
[21] Nelson DD, McManus JB, Herndon SC, Zahniser MS, Tuzson B, Emmenegger L. 
New method for isotopic ratio measurements of atmospheric carbon dioxide 
using a 4.3μm pulsed quantum cascade laser. Appl Phys B 2008;90:301–9. 
doi: 10.10 07/s0 0340-0 07- 2894- 1 . 
[22] Castrillo A, Casa G, Gianfrani L. Oxygen isotope ratio measurements in CO 2 
by means of a continuous-wave quantum cascade laser at 4.3μm. Opt Lett 
20 07;32:3047–9. doi: 10.1364/OL.32.0 03047 . 
[23] Hodges JT, Layer HP, Miller WW, Scace GE. Frequency-stabilized single-mode 
cavity ring-down apparatus for high-resolution absorption spectroscopy. Rev 
Sci Instrum 2004;75:849–63. doi: 10.1063/1.1666984 . 
[24] Tanaka K, Takahashi K, Tonokura K, Sugiyama H, Nakano N, Nakano Y. Detec- 
tion of stable carbon isotopes of methane with a 2.4-μm distributed feedback 
laser. J Quant Spectrosc Radiat Transf 2014;133:670–4. doi: 10.1016/j.jqsrt.2013. 
10.004 . 
[25] O’Keefe A, Deacon DAG. Cavity ring-down optical spectrometer for absorption 
measurements using pulsed laser sources. Rev Sci Instrum 1988;59:2544–51. 
doi: 10.1063/1.1139895 . 
[26] Nielsen L . Evaluation of measurements by the method of least squares. In: 
Levesley J, Anderson IJ, Mason JC, editors. Algorithms for approximation iV. 
University of Huddersﬁeld; 2002. p. 170–86. (enclosed as the ﬁle “Evaluation 
of measurements by LSQ.pdf”) . 
[27] Dicke RH. The effect of collisions upon the Doppler width of spectral lines. 
Phys Rev 1953;89:472–3. doi: 10.1103/PhysRev.89.472 . 
[28] Wehr R, Ciurylo R, Vitcu A, Thibault F, Drummond JR, May AD. Dicke-narrowed 
spectral line shapes of CO in Ar: experimental results and a revised interpre- 
tation. J Mol Spectrosc 2006;235:54–68. doi: 10.1016/j.jms.2005.10.009 . 
[29] Long DA, Bielska K, Lisak D, Havey DK, Okumura M, Miller CE, et al. The air- 
broadened, near-infrared CO 2 line shape in the spectrally isolated regime: ev- 
idence of simultaneous Dicke narrowing and speed dependence. J Chem Phys 
2011;135:064308. doi: 10.1063/1.3624527 . 
[30] HITRANonline. http://hitran.org . 
[31] Gordon IE, Rothman LS, Hill C, Kochanov RV, Tan Y, Bernath F, et al. The HI- 
TRAN2016 molecular spectroscopic database. J Quant Spectrosc Radiat Transf 
2017 (in press). doi: 10.1016/j.jqsrt.2017.06.038 . 
